COMPLEXATION AND CYCLODEXTR1NS 



Gerold Mosher 
Diane (X Thompson 

CyDex, Inc., Overland Park, Kansas, U.S.A. 



INTRODUCTION 

Cornplexation is one of several ways to favorably enhance 
the physicochemicat properties of pharmaceutical com- 
pounds. It may loosely be defined as the reversible 
association of a substrate and ligand to form a new species. 
Although the classification of complexes is somewhat 
arbitrary, the differentiation is usually based on the types 
of interactions and species involved, e.g., metal com- 
plexes, molecular complexes, inclusion complexes, and 
ion-exchange compounds. Cyclodextrins (CDs) are classic 
examples of compounds that form inclusion complexes. 
These complexes are formed when a "guest" molecule is 
partially or fully included inside a "host" molecule e,g, CD 
with no covalent bonding, When inclusion complexes are 
formed, the physicochemical parameters of the guest 
molecule are disguised or altered and improvements in the 
molecule's solubility, stability, taste, safety, bioavailabil- 
ity, etc., are commonly seen. 

CDs form inclusion complexes with many different 
types of compounds, thus their potential as formulation 
additives has been investigated for over 40 years. They 
were discovered in 1891 when Villiers (1) observed 
crystallization occurring in a bacterial digest of starch. 
Schardinger's (2) evaluation of the unusual crystalline 
dextrins in 1903 suggested their cyclic nature but their 
complete structural definition did not occur until the 1940s 
(3, 4). This coincided with the identification of the enzyme 
responsible for their production (Bacillus macerans 
amylase, now referred to as cyclodextrin glucosyl transfer- 
ase: CGTase: EC 2,4.1.19), and the recognition of the 
complexing properties of the CD cavity. In the next 30-40 
years, extensive work resulted in the ability to produce 
each of the parent CDs in bulk quantities. 

With improvements in the cost and availability of the 
parent CDs came increases in the volume of scientific 
investigation, Limitations in the pharmaceutical utility of 
the CDs were becoming known and derivatives were 
prepared with the goal of improving characteristics such as 
complexing ability, solubility, and safety. 

Biennial international conferences (5) and reviews (6, 7) 
have presented the latest research in the production, 
characterization, and utilization of CDs in biomedical 



products, foods, and cosmetics. A literature search of the 
19-year period from 1967 to 1985 yields approximately 
400 journal references describing CDs in pharmaceutical 
applications. Uekama and Otagiri (8) reviewed over half 
of this published literature in 1986. A search of the 
literature since 1986 shows that journal references have 
more than tripled and the patent literature has continued to 
grow rapidly (Fig, 1), Scientific articles have established 
the research applications of CDs but it is the patents that 
have shown the increasing interest in the commercial 
protection of CDs in pharmaceutical products, 

The commercial viability of a CD formulation has been 
established with the marketing of 20 products (Table 1). 
Two of these products are currently on the market in the 
United States; one product (oral and parenteral formu- 
lations) containing a derivatized CD and the other 
containing a-CD. Numerous clinical trials using CD 
formulations have, however, been conducted or are in 
progress in the United States, with at least one other NDA 
under review. 

Increasing numbers of pharmaceutical products are 
reaching the market place as CD formulations and research 
studies exploring their applications are growing exponen- 
tially. Nevertheless, the routine use of CDs in formulations 
is still questioned. The reluctance to develop a CD 
formulation is mainly due to the uncertain regulatory 
acceptance of a formulation containing a "nonstandard" 
inactive ingredient. 

INCLUSION COMPLEXATION AND CDs 

CDs are cyclic oligosaccharides containing 6, 7, or 8 
glucopyranose units, referred to as a-, or 7-CD, 
respectively. Each glucose unit contains two secondary 
alcohols at C-2 and C-3 and a primary alcohol at the C-6 
position, providing 18-24 sites for chemical modification 
and derivatization (Fig. 2). Numerous derivatives have 
been prepared and described in the literature, but because 
of all the possible derivatives and positional and 
regioisomers, appropriate nomenclature must be used. 
The nomenclature should include at a minimum, the 
parent CD (a, p, or 7-CD) and the type and number of 
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1970- J 974 1975-1979 1980-1984 19S5 19S9 19901994 1995-1999 



Fig. 1 Patents and patent applications in the use of CDs in 
pharmaceuticals. (Data collected from Chemical Abstracts 
1967-1999.) 



substituents. The substituents are usually noted by an 
abbreviation placed before the parent CD. Further 
description of the substituent group can be included with 
the abbreviation, if needed. For example, the hydroxy! 
group on the hydroxypropyl substituent can exist at one of 
three carbons in the propyl chain. This isomeric position is 
noted by a number preceding the HP notation and enclosed 
in parentheses. The most commonly occurring HP 
derivative is the (2HP)~P-CD, which is often referred to 
as HP-P-CD. 

The number following the abbreviation of the 
substituent indicates the average number of substituents 
on the molecule, rounded to the nearest whole number. 
For example, HP4-$~CD indicates a p-CD with an 
average of four hydroxypropyl substituents. This is 
referred to as the molar degree of substitution (MS). It is 
simply a statement of the molar ratio of substituent to 
CD. The four substituents might be located on four 
different hydroxyl functionalities around the CD ring or, 
at the other extreme, one hydroxy! might be derivatized 
with a chain of four HP units. Adding further confusion is 
the fact that the MS can refer to the average molar degree 
of substitution around the CD ring, or only around each 
glucose ring. The latter interpretation is a carry-over 
from traditional carbohydrate chemistry where the lengths 
of the glucose chains (i.e., the molecular weights) were 
often not well characterized. 

A similar term, the degree of substitution (DS) 
describes the average number of hydroxy Is derivatized. 
Unfortunately, it has also been used to describe both the 
average number of hydroxy Is around the CD ring and the 
average number around each glucose ring. A clarifying 
proposal to use RS (ring substituents) to designate the 
average number of hydroxyls derivatized in the entire CD 
ring and DS, the number around each glucose ring, has not 
been broadly embraced. The term MS will be used here 



and will denote the average molar degree of substitution 
around the CD ring. 

Regardless of which convention is used for degree of 
substitution, none provide any indication of the position of 
these substituents on the glucopyranose units. If it is 
known, the position of the substituent on the glucopyr- 
anose unit is indicated by a number preceding the 
substituent abbreviation. 6-SBEl-p-CD describes the 
monosubstituted sulfobutyl ether derivative with 
the substituent attached at one of the C-6 positions. 
More often than not, the substituent is introduced in a 
random reaction process such that introduction occurs with 
some defined distribution at the 2-, 3-, and/or 6-positions. 
For these preparations, no number precedes the substituent 
abbreviation. HP4-p-CD implies a tetra-substituted 
hydroxypropyl preparation with substituents randomly 
distributed over all three positions of the seven 
glucopyranose units. A number of common CDs and 
their nomenclature are given in Table 2, 

The 3D structure of the parent CD provides a cavity 
(Fig. 3) that is hydrophobic relative to an aqueous 
environment. The sequestration of hydrophobic drugs 
inside the cavity of the CD can improve the drug's 
solubility and stability in water, the rate and extent of 
dissolution of the drug:CD complex, and the bioavail- 
ability of the drug when dissolution and solubility are 
limiting the delivery. These properties of the CDs enable 
the creation of formulations for insoluble drugs typically 
difficult to formulate and deliver with more traditional 
excipients. Numerous CDs that have different complexing 
abilities are available. A quantitative determination of 
their complexing properties is necessary for proper 
evaluation. 

CDs form inclusion complexes with hydrophobic drugs 
through an equilibrium process (Fig. 4), quantitatively 
described in Equation (1) by an association or stability 
constant (K a:i? X 



[Drug a CD b ] 
[DrugflCDf 



(1) 



where a and b represent the molar ratio of the sequestered 
drug molecule to the CD. The magnitude of this associate 
constant can be used to compare the binding effectiveness 
of different CDs. Various complexes with different ratios 
of drug-toCD molecules can be formed, depending on the 
type of CD used and the size and physicochemical 
characteristics of the drug molecule, m dilute solutions 
and/or if the drug fits entirely into the CD cavity, a 1:1 
complex results. However, if the cavity is large enough, 
two drug molecules may be accommodated, resulting in 
the formation of a 2:1 complex. Conversely, if the drug is 



Complcxation and Cyclodextrins 

Table 1 Commercial pharmaceuticals with CD-based formulations 



533 



Drug product 


Trade name 


Company 


Country 


PGEjAx-CD 


Prostandin 


Ono 


Japan 


Intra-arterial infusion 


Prostavasin 


SchwarzPharma 


Germany 








Italy 


Intracavernous injection 


Edex 


SchwarzPharma 


USA 


Cefotiam Hexetil HCl/a~CD 


Pansporin T 


Takeda 


Japan 


Tablet 








Piroxicam/p-CD 


Various 


Various 


Belgium 


Tablet 






Brazil 


Suppository 






prance 


Oral liquid 






Germany 
Italy 








The Netherlands 
















Switzerland 


Dextromethorphan/p-CD 


Rynathisol 


Synthelabo 


Italy 


PGE 2 /p-CD 


Prostarmon E 


Ono 


Japan 


Sublingual tablet 








Benexate/p-CD 


Ulgut 


Teikoku 


Japan 


Capsule 


Lonmiel 


Shionogi 




lodine/p-CD 


Mena-Gargle 


Kyushin 


Japan 


Gargling solution 






Japan 


Dexamethasone Glyteer/p-CD 


Glymesason 


Fujinaga 


Ointment 








Nitroglyeerin/p-CD 


Nitropen 


Nippon Kayaku 


Japan 


Sublingual tablet 








Cephalosponn ME 1207/p-CD 


Meiact 


Meiji Seika 


Japan 


Tablet 








Nimesulide/p-CD 


Ntmedex 


Italfarmaco 


Italy 


Tablet 


Mesulid rast 


Novartis 


S wi tzerland 






Boehringer 








X VX oil III 1C 11 11 




Tiaprofenic acid/p-CD 


Surgamyl 


Roussel-Maestrelli 


Itaiy 


Tablet 








Chlordtazepoxide/p-CD 


Trans i Ilium 


Gador 


Argentina 


Tablet 








Omeprazol/p-CD 




Hexai 


oermany 


Capsule 






Japan 


OP-1206/7-CD 


Opalmon 


Ono 


Tablet 








Chtoramphenicol/Me-P-CD 


Clorocil 


Aft. ^ 1 -£ .. 

Ottalaer 


Portugal 


Eye drop 








Cisapride/HP3~p-CD 


Prepulsid 


Janssen-Ciiag 


Belgium 


Suppository 






Switzerland 


Dic!ofenac/HP3-P-CD 




Ciba Vision 


Eye drop 








Ziprasidone/SBE7-p-CD 


Zeldox 


Pfizer 


Sweden 


Intramuscular injection 






USA (NDA pending) 


Itraconazole/HP3'p-CD 


Sporanox 


Janssen 


USA 


Oral/i.v. solution 






Belgium 



{Adapted from Ref. 6.) 
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Fig. 2 Chemical structure of J3-CD, Arrows indicate the 2- 3 3-, 
and 6-hydroxyls of a glucopyranose unit. (Adapted from Ref. 6.) 



very large, then several CD molecules might enclose the 
drug for the formation of 1 :2 or higher order complexes. 
Although each complex has a finite stoichiometry, more 
than one complex may be formed in a given system. 
Depending on the method used to determine the 
association constant, it is possible to obtain a description 
of the stoichiometry of the complex {a\b). 

Evaluating Inclusion Complexation 

One of the most common methods of determining 
association constants and stoichiometry is the phase 
solubility technique (9), The technique involves adding 
an equal weight (in considerable excess of its normal 
solubility) of the compound to be cornpiexed into each of 
several vials or ampoules. A constant volume of solvent is 
added to each container. Successively increasing portions 
of the complexing agent are then added to the vessels. The 
vessels are then closed and the contents brought to 
solubility equilibrium by prolonged agitation at constant 
temperature. The solution phases are then analyzed for total 
solute content. A phase diagram is constructed by plotting 
the molar concentration of dissolved solute, found on the 
vertical axis, against the concentration of complexing agent 
added on the horizontal axis. Two general types of phase 
solubility profiles are generated; Type A where soluble 
complexes are formed, and Type B where complexes of 
limited solubility are formed. 

In Type A diagrams, an increase in solubility of the 
compound occurs as the amount of complexing agent 
increases. Soluble complexes are formed between the 
compound and the complexing agent, thereby increasing 
the total amount of compound in solution. Depending on 
the nature of the complexes formed, the diagram can be 



linear, A L , or show curvature in a positive, A P , or negative, 
A N , fashion (Fig. 5). Linear diagrams are formed when 
each complex contains only one molecule of complexing 
agent. When more than one molecule of complexing agent 
is found in the complex, an A P -type diagram is formed. A N 
diagrams are uncommon but may result if self-association 
is present or high concentrations of complexing agent 
cause alterations in the nature of the solvent. 

Type B diagrams are observed when complexes of 
limited solubility are formed. In Fig. 5, the segment xy in 
curve B s shows the formation of a complex that increases 
the total solubility of the compound. This is similar to a 
Type A diagram. At point y, however, the solubility of the 
complex is reached and as additional compound goes into 
solution, some solid complex precipitates. At point z, all of 
the excess solid compound added to the vials has been 
consumed by this process. Further addition of complexing 
agent beyond point z results in depletion of the compound 
from solution by complex formation. Curve B { is 
interpreted in a similar manner except that the complex 
formed is so insoluble that no increase in solubility is 
observed. 

The stoichiometry of the complexes can often be 
determined from the ascending and descending portions of 
these diagrams if certain assumptions can be made (9). If a 
1 : 1 complex is formed, the association constant K a b can be 
determined from the slope of the initial linear portion of 
the phase solubility curve, and the intrinsic solubility of 
the compound, S 0 , using Equation (2): 

K - SI °P e 
1:1 S 0 (l- Slope) ( } 

Additional methods are available to determine these 
association or stability constants including spectroscopy 
[UV (10, II), fluorescence (12, 13), NMR (14), and ORD- 
CD (15, 16)], potentiometry (17), microcalorimetry (18, 
19), surface tension (20), membrane permeation (21), 
electrophoresis (22, 23), and freezing point depression 
(24). Chromatographic methods include HPLC (25), paper 
(26, 27), and TLC (28, 29) techniques, 

The binding constants obtained by different methods 
often correlate. For example, diazepam forms a complex 
with p-CD with an association constant of 220 or 208 M 1 
as determined by phase solubility (30) vs. circular 
dichroism (31). There is a close correlation of the binding 
constants (32) for bendrofluazide and cyclopenthiazide as 
determined by the phase solubility method (56 and 
165 M _i ) and UV method (60 and 178 AT *). 

However, while the above methods gave similar results, 
the association of p-CD and FCE24578 (17), a synthetic 
immunomodulator, exhibits a binding constant of 690 M " 1 
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Position of substituent 



Substituent structure 3 Nomenclature # b ~XYZ c # -CD e 



Parent cyelodextrins 
Alpha-CD 
Beta-CD 
Gamma-CD 

Modified cyelodextrins neutral 



OH 
-OH 
-OH 



Methyl derivatives 






Dimethyl 


2, 6- 


-U-Clnh, 


Methyl 


Random 


-O CH 3 


Trimethyl 


2, 3, 6- 


-O-CH, 


Ethyl derivatives 


Random 


-o-CH r CH3 


Hydroxy alky 1 derivatives 






2-hydroxyethyl 


Random 


-0-CH?-CH20H 


2-hydroxypropyl 


Random 


-O-CH2 CHOH-CH3 


3-hydroxypropyl 


Random 


OCH r CH 2 -CH 2 OH 


2,3-dihydroxypropyl 


Random 




Modified cyelodextrins anionic 






Carbon Based Derivatives 






Carboxy 


6- 


-C0 2 M 


Carboxyalkyl 






Carboxymethyl 


Random 


-0-CH 2 -C0 2 M 


Carboxyethyl 


Random 


-0~CH r CH 2 -C0 2 M 


Carboxypropyl 


Random 


-0-CH 2 -CH 2 -CH 2 -C0 2 M 


Carboxy 1 methyl ethyl 


2,6-; 3- 


-0-CH r C0 2 M; -0-CH 2 -CH 3 


Sulfur Based Derivatives 






Sulfates 


2,6-random 


-O-SO3M 


Alkylsulfates 


6- 


-O^(CH 2 ) ir O-S0,M 


Sulfonates 


6- 




Alkylsulfonates 






Sulfoethyl ether 


Random 


-0-(CH 2 } 2 -30 3 M 


Sulfopropyl ether 


Random 


-a(CH 2 ) 3 -S0 3 M 


Sulfobutyl ether 


Random 


-0-(CH 2 )4-S0 3 M 



p-CD 
7-CD 



2,6-DMI4-CD 
M#~CD 
23,6-TM-CD 
E#-CD 



(2HE)#-CD 

(2HP)#-CD or HP#-CD 

(3HP)#-CD 

(23-DHP)#-CD 



6-C#-CD 

CM#-CD 
CE#CD 
CP#-CD 
CME#-CD 

S#-CD 

SU#-CD 

6-SA#-CD 

SEE#-CD 
SPE#~CD 
SBE#-CD 



a M: Cation 

b Numbers represent position of substituents if known; if the preparation is a random distribution, then no notation implies an undefined 
distribution at the 2~ t 3> and 6-posiiiofts. 
c Letters represent abbreviated notation of substituent. 
d Numbers represent the average MS rounded to the closest whole number. 
"Indication of parent CD structure, i.e., a -CD. 
(Adapted from Ref. 6.) 



by a phase solubility determination but a binding constant 
over four times higher with a UV method. This 
discrepancy is due to the fact that higher order complexes 
contribute to spectral changes and these have not been 
accounted for in the calculation of the UV association 
constant. Inconsistencies are also observed between 
binding constants determined by fluorescence intensity 
and HPLC methods in the binding of estradiol, 
ethinylestradiol, and estriol, to and -y-CD (12). The 
fluorometric association constants with p-CD were lower 
than the corresponding HPLC values, whereas for the 




Fig. 3 Complexation of drugs inside the hydrophobic cavity of 
CDs. 
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a [drug] soluble + b [CD] ^* ^ [a drug + b CD) so i uble 

[drugli nst) i u ble t a dru S + b CD 3insolub!e 

Fig. 4 Equilibrium process describing the interaction between a 
CD and an insoluble drug molecule to form a soluble or insoluble 
complex. (Modified from Ref. 6.) 

complexes with y-CD the results of both methods 
coincide. 

pH conditions have also been observed to exert a unique 
effect on one method and not the other. Doxorubicin (33) 
and 7-CD form a complex with a K } ; } of 6 1 7 and 7 1 8 M ~ 1 
as measured at pH 10 by UV and circular dichroism. This 
close correlation was not observed when the measurements 
on doxorubicin where conducted at pH 7. At pH 7, the 
binding constant for doxorubicin (34) was 235 Af -1 as 
measured by UV but was 977 M ~ l as measured by circular 
dichroism. Under a given set of conditions, a drug has only 
one binding constant. Therefore, this difference is reflecting 
how the ionization state of the drug affects the analytical 
measurements. 

In genera], binding constants can be used as an 
indicator of differences in binding only if the methods or 
conditions for determining the constants are equivalent or 
unaffected by the conditions. And although determining 
values by phase solubility might be appropriate for 
formulation studies, it is probably not appropriate for 
determination of true thermodynamic values due to the 
concentrations involved. 



Factors Affecting Complexation 

Steric effects 

Cyclodextrins are capable of forming inclusion complexes 
with compounds having a size compatible with the 
dimensions of the cavity. Complex formation with 
molecules significantly larger than the cavity may also 
be possible in such a way that only certain groups or side 
chains penetrate into the carbohydrate channel. The three 
natural CDs, a, (3, and 7, have different internal diameters 
and are able to accommodate molecules of different size. 
Cyclohexane is able to complex with all three CDs, but 
because of size naphthalene does not complex with a-CD, 
which has the smallest cavity. Anthracene fits only into 
7-CD, which has the largest cavity, 

Derivatization of the hydroxyls on one or both faces of 
the natural CD can impact the steric requirements for an 
acceptable guest molecule. The presence of bulky groups 
can sterically block entrance to the CD cavity. However, 



[Compound] 
in Solution 




[Cyclodexttin] 



Fig, 5 Possible types of phase solubility diagrams. 



some groups, depending on their number, flexibility, and 
position of attachment, may actually act to extend the 
cavity and provide for better complexation. Substitution at 
the 3- and 6-positions will be more likely to narrow the 
cavity opening while substitution at the 2- and 6-positions 
may allow for extension of the opening. The binding 
constants of flurbiprofen (35), bromazepam (36), and 
nitrazepam (37) to 2,6-DM-p-CD (methyl substituents in 
the 2- and 6-positions) are 2.3-, 2.9-, and 3.8- fold higher, 
respectively, than their binding to (3-CD. Binding to 2,3,6- 
TM-p-CD (methyl substituents in the 2~, 3-, and 
6-positions), however, shows constants that are less than 
half of that observed with p-CD. 

The numbers of substituents added to the ring (MS) can 
also affect binding in both positive and negative manners. 
Muller and Brauns (38) showed that increasing the MS 
from 3 to 1 1 decreased the solubilization of hydrocortisone 
from 10,98 to 5.76 mg/ml for a 0.04 M HE-p-CD 
(hydroxyethyl) solution (—5% w/v)> A similar effect was 
observed for digitoxin, diazepam, and indomethacin. The 
decrease in solubilization was thought to be due to steric 
hindrance of the increased number of HE substituents. An 
additional explanation may be that some polymerization of 
the HE groups may have occurred during preparation of 
the higher MS products, thereby creating bulkier side 
chains that may have crowded the cavity entrance. 

The hydroxypropyl substituent, being larger yet, 
appears to require a lower DS to improve binding without 
sterically obscuring the cavity entrance. Muller and 
Brauns (38) have studied the effect of the DS on 
complexing ability (Table 3) and have observed that 
lower degrees of hydroxypropyl substitution (2 to 5) are 
more conducive to complexation. As the DS increases, 
the solubilization of six different drugs decreases but 
when the DS is from 4 to 8 the solubilization is fairly 
consistent. 
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Table 3 Effect of degree of substitution on complexation of drugs by HP-p-CD 


Drug 




Solubility of drug in HP-(VCD solutions 3 ' 1 * at 2S°C> pH 7 A 




MS - 2.03 


MS = 4.83 


MS - 7,84 


MS - 8.47 


Digcxin 3 


13-12 


6.39 


3.76 


3,70 


Digttoxin" 


8.06 


4.5 i 


1.96 


2.36 


Levocabastin b 


2.20 


0.45 


0.31 


0,09 


Indomethacin bi c 


6.93 


8.12 


6.63 


8,57 


Hydrocortisone b 


19.03 


13.43 


10.46 


1038 


Diazepam b 


0.72 


0.67 


0.44 


0.46 



*5% HP-[3-CD solution. 

b 10% HP-£-CD solution. 

c pH 7.4: Indomethacm in ionized state. 

(Adapted from Ref 39.) 



There is a compromise between the steric hindrance of 
a substttuent and its ability to extend the hydrophobic 
cavity. Yoshida et al. (40) have shown that introduction of 
the 3-hydroxypropyl (3HP) substituent (— O— CH 2 — 
CH 2 — CH 2 ^OH) at an MS of -6 results in higher 
binding constants than those observed with p-CD, 
apparently due to the extension of the hydrophobic cavity. 
The introduction of an equivalent number of 2,3- 
dihydroxypropyl (2,3-DHP) substituents (^O— CH 2 — 
CH(OH) — CH 2 — OH), however, results in a decrease in 
the binding constants. This was speculated to be due to 
steric hindrance of the larger 2,3-DHP substituent, though 
this group, being more hydrophilic than 3HP, may not 
serve to extend the hydrophobicity of the cavity. 

There is also a compromise between the ability to form 
complexes and the intrinsic water solubility. Rao et al. (41) 
have shown that increasing the DS of (2HP)-p-CD 
improves the aqueous solubility but impairs the com- 
plexation capability. Fig. 6 shows this affect for the 
complexation of phenolphthaleta 

Greater steric interferences would be anticipated for the 
bulkier charged sulfoalkyl ether groups, but have not been 
observed. Kano et al (42) evaluated the use of sulfopropyl 
ether (SPE) derivative of p-CD to interact with 
naphthalene. Higher association constants were observed 
for the SPE3-&-CD (K = 2100 M~ l ) and SPES^-CD 
(K = 1800 M ^ l ) than were observed for p-CD (K = 730 
M _1 ). Similar results were observed for the undecylsul- 
fated methyl CD described by Menger and Williams (43). 
The lack of a steric hindrance by this highly substituted 
ionic derivative was explained through a "micellar" 
arrangement of the ionic substituents. The derivative was 
described as a "micellar" CD because the long 
hydrophobic alky! groups in the substituent are expec- 
ted to align themselves to reduce interactions with the 



aqueous environment simitar to micelle formation. The 
anionic charge at the end of the alkyl chain is expected 
to repel adjacent substituents effectively maintaining an 
opening to the CD cavity. Although the substituents are 
long enough to bend into the cavity, this is not expected 
due to the hydrophilic character of the ionic sulfate, which 
would prefer to interact with the aqueous solvent. The 



50000 



40000 - 



30000 



3 20000 



1 

< 




10000. 



3 4 5 
Average d.s. 

Fig, 6 Effect of changing the DS of 2HP-£-CD on its solubility 
(O) and the association constant (A) with phenolphthalein. (From 
Ref. 41.) 
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Fig, 7 Comparison of the binding constants of hydrophobic 
steroids, testosterone, and progesterone with and anionic 
derivatives. SA: Sulfonate anion at the 6-position, SPE: 
Anionic sulfopropy] ether substituent; and SBE: Anionic 
sulfobutyl ether substituent. (Adapted from Ref. 6j 



authors suggested the interaction of naphthalene occurred 
with the hydrophobic "arms" of the side chain and not 
the CD cavity although interaction with the cavity was 
not ruled out. 

The sulfopropy] and sulfobutyl ether derivatives (44) 
have been further evaluated for their complexation with 
testosterone and progesterone (Fig. 7). Even though 
increasing the DS should produce more steric hindrance to 
complexation, the mono, tetra, and hepta substituted 
sulfobutyl ether (SBE1, 4, 7) derivatives ail displayed 
comparable binding abilities for the steroids and the 
strength of binding was similar to that observed for p-CD. 
The SBE substituent behaves similar to that proposed for 
the undecy] sulfate CD, however, complexation with the 
SBE-p-CDs involves the CD cavity, as well as the 
hydrophobic butyl side arms. 

Electronic effects 

Effect of proximity of charge to CD cavity: The ionic 
derivatives that have charges closest to the CD cavity are 
the carboxylate, sulfate, and sulfonate derivatives. The 
complexation characteristics of the directly carboxylated 
CDs, C-p-CDs have not been reported but the highly 
anionic sulfated CD derivative (S14-p-CD) does not 
appear to form inclusion complexes (45), This may be 
either due to steric effects from the J 4 sulfate substituents 
or due to the ionic state of the CD. 
The effects of charge proximity on CD complexation 
behavior were evaluated (Fig. 7) by studying the 
complexation of two steroids by the sulfonate, sulfopropy! 
ether (SPE), and sulfobutyl ether (SBE) derivative (44). 
Electronic effects seem to be more of a factor than steric 
effects because even when only one sulfonate substituent 
is attached at the 6-position, (6-SAl-^-CD) the derivative 



loses its complexation capability. The binding constant for 
testosterone is only 64 M~ l for 6~SA1~(B-CD versus 
17,800 M" 1 for the neutral (3-CD. The attachment of a 
single negative charge close to the CD cavity appears to 
disrupt the thermodynamics driving the complexation. 

When one sulfonate ion (SA1) is directly attached to the 
CD, there is a minimal binding of the steroids but as the 
charge is spaced away by the three carbon propyl (SPE1) 
or a four carbon butyl group (SBE1), the derivatives regain 
the binding capability of the £~CD molecule. The 
monosubstituted sulfopropy! and sulfobutyl derivatives 
(SPE1 and SBE1) are able to bind progesterone and 
testosterone as well as fS-CD. This suggests that ionic 
substituents too close to the CD cavity adversely disrupt 
the thermodynamics driving the inclusion complexation. 
Moving the charge away from the cavity re-establishes the 
complexation characteristics but this is dependent on the 
charge density in the structure. 

Effect of charge density: As the charge density 
increases in the sulfopropy! family from a mono to a tetra 
and hepta anion, the binding of the steroids decreases. 
However, when the sulfonate anion was spaced four 
methylene units away, the charge density did not adversely 
affect the binding of the steroids. The mono, tetra, and 
hepta substituted sulfobutyl ether derivatives all displayed 
comparable binding abilities for the steroids and the 
strength of binding was similar to that observed for p-CD, 

Effect of charge state of CD and drug: Ionic CDs 
are capable of complexing neutral hydrophobic drugs, if 
the ionic charge is not directly attached to the 
carbohydrate backbone of the CD. The trianion of 
C!vt3~3-CD (25) is able to complex a neutral drug, 
hydrocortisone with an association constant that is 74% 
of that observed for neutral £~CD. Although this 
anionic derivative is less effective than the neutral 
p-CD, a more favorable situation has been observed for 
the interaction of anionic SBE-P-CDs and neutral 
drugs, Okimoto et ah (46) reported that the anionic 
SBE-p-CD (Table 4) often exhibits 1:1 binding 
constants with neutral drugs that are comparable to or 
better than those observed for the neutral HP-p-CD, 
The better binding may be due to the butyl **micellar" 
arms extending the hydrophobic cavity of the CD. 

When the drug and the CD are both charged, 
electrostatic effects may be observed. Adverse electronic 
effects have been observed for the complexation between 
the anionic form of indomethacin and the dianion of 
carboxymethyl-p-CD, CM2-p-CD (38). At pH 6.6, 
indomethacin exists as an anion and under these 
conditions, the anionic carboxymethyl CD did not 
complex the drug at all, probably due to electrostatic 
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Neutral drug 


Anionic drug 


Cationic drug 






Ka 


Ka 


















Drug 


HP-p-CD 


SBE-p-CD 


HP-p»CD SBE-p-CD 


HP-p-CD 


SBE-p-CD 


b 

Cmnanzme (46) 


ii son 






4 000 


1 7 ^0f> 


Rinnan zme^ i .zj \^o) 


AQA 






O 




uanazoi f) 




QA QOO 








Uigoxm \^o) 




£ 2ft0 








iiyarocornsone (.^o; 


l,i4U 


Z,l JU 








inaomethacin (4o) 


J ? 39U 


4, /lu 








Kynostatm (49) 


95 


292 




20 


96 


Kynostatin(l:2) e (49) 


26 


4 




3 


0 


Miconazole h (46) 


104,000 


417,000 




42300 


410,000 


Miconazole(l:2) b (46) 


45 


12 




11 


<1 


Naproxen b (46) 


1,670 


3,600 


33) 432 






Papaverine b (46) 


337 


1000 




17 


94 


Phenytoin b (48) 


1 5 070 


756 








Progesterone d (48) 


11,200 


18,300 








Testosterone d (48) 


11,600 


22,500 








Thiabendazole b (46) 


136 


443 




7 


56 


Warfarin b (46) 


2,540 


10,100 


509 262 







a Binding constants for 1:1 complexation unless noted. 
b HP = Encapsin ™ MS - 3.5; SBE-^CD MS - 7. 
C HP = Roquette MS = Not reported; SBE-p-CD MS = 7. 
d HP = Molecusol # MS — 7-8; SBE-£-CD MS - 7. 
*HP ~ Molecusol ® MS = 7~S; SBE^-CD MS = 4. 
(Adapted from Ref. 6.) 



repulsions. However, the tri -anion, CM3~P~CD (25) has 
been reported to complex the anionic forms of warfarin 
and indomethacin (Table 5) although only at 71 and 60% 
of the binding observed for the neutral |3-CD. 

Experience with the carboxymethyl derivatives 
suggested the position of the charge in the drug structure 
may affect the interaction with an anionic CD. The spacing 
of the charge by the butyl group in the SBE substituent 
appears to lessen these repulsive effects observed for the 



shorter carboxymethyl substituent. The binding constants 
between the anionic forms of indomethacin, and naproxen 
and the anionic SBE-p-CD (Table 4) are almost equivalent 
to those observed for the neutral HP-p-CD. The binding 
constant between SBE-p-CD and the anionic warfarin 
molecule, however, is much lower than that with HP-p- 
CD, suggesting that the position of the charge in the drug 
and how this interacts with the charge in the CD may be 
important. 



Table 5 Effect of charge state of drug on binding to neutral p-CD and anionic carboxylmethyl-p-CD 






p-CD (neutral) 


CM3-P-CD (anionic) 


Drug 


Charge state of drug 


binding constant (M ~ l ) 


binding constant (Af "*) 


Hydrocortisone 


Neutral 


6200 


4600 


Indomethacin 


Anionic 


620 


250 


Warfarin 


Anionic 


520 


150 


Propranolol 


Cationic 


220 


400 



(Adapted from Ref. 25.) 
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Cooperative electrostatic interaction between the 
cationic drugs and the anionic CDs have been observed. 
Enhanced complexation is observed for the complexation 
of the cationic form of propranolol with the anionic CM3- 
J3-CD (Table 5) and is probably due to cooperative 
electrostatic interactions. Similar positive interactions are 
observed with the SBE-fB~CD and the cationic forms of 
cinnarizine, miconazole, papaverine, and thiabendazole 
(Table 4). 

One difference in complexation performance of ionic 
versus neutral CDs is in their inability to participate in 1:2 
or 1:3 complexations. The ionically charged CDs do not 
effectively form higher order complexes probably due to 
electrostatic repulsions between the first CD to sequester 
the drug and the incoming ionic CD. As the charge 
density increases, this repulsive effect is magnified. 
Rajewski et aL (50) demonstrated that as the charge 
density of the SBE-p-CD increases from one to four to 
seven, the solubilization of cholesterol decreases. 
Fortunately, the SBE-CDs are able to complex drugs 
effectively with the 1:1 complexation so the inability to 
effectively participate in 1:2 complexes does not impose 
any practical disadvantages. 

Temperature, additives, and co-solvent effects 

Inclusion complexation is an equilibrium process and the 
strength of association is affected by the temperature of the 
system. In most cases, as the temperature increases, 
the binding constant will decrease. For example, the 
binding constant for the neutral naproxen molecule (51) 
and p-CD decreased from 1379 to 975 to 778 M _1 as the 
temperature increased from 25°C to 35°C and 45°C, 
respectively. The solubility of a drug in the CD solution 
may increase with an increase in temperature even though 
the binding constant is decreasing because the increased 



temperature improves the intrinsic solubility of the free 
drug (S 0 in Fig. 5) (52, 53). 

Organic solvents (54-56) typically reduce the com- 
plexation of a drug with CD by competing for the 
hydrophobic cavity. They also reduce the solubility of 
most CDs and their complexes. Recently, Loftsson et al. 
(57) and Redenti et al. (58) have reported on the use of 
water soluble polymers and hydroxy acids, respectively, to 
increase CD:drug complexation and improve the solubil- 
izing effect. 



Release from the CompJex 

Complexation of drugs by CDs improves their delivery 
characteristics and does not interfere with their activity 
because complexation is a rapidly reversible process. In 
aqueous solution, drug:CD complexes are continually 
forming and dissociating with lifetimes in the range of 
milliseconds or less (59, 60). Although slower kinetics of 
dissociation are seen with stronger binding, the rates are 
still fast and essentially instantaneous. After adminis- 
tration, the drug is released from the complex upon 
dilution, and in some cases with contributions from 
competitive displacement with endogenous hpophiles, 
binding to plasma and tissue components, drug uptake into 
tissues is not available to the complex, and rapid 
elimination of the CD (61). 

The effects of dilution are demonstrated in Fig. 8 (62) 
for complexes with various binding constants. Most 
drug; CD complexes exhibit binding constants in the 
range of 100-20,000 M ~ x and Fig. 8 demonstrates that 
even for the more tightly bound drugs, a 1:100 dilution 
will reduce the percentage of drug complexed from 100% 
to 30%. A 1:100 dilution is readily attained for 
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Fig. 8 Correlation between percentage of complexed drug and CD concentration at various K values. (Adapted from Ref. 62.) 
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intravenous products and upon dilution in the stomach 
and intestinal contents. 

Dilution is minimal, however, when drugs are 
administered via routes such as ophthalmic, transmucosal, 
and transdermal Under these conditions, the drug can still 
be displaced from the CD cavity by competing lipophiles 
such as triglycerides, cholesterol, bile salts, and other 
hydrophobic compounds often found in high concen- 
trations at the site of delivery. 



BENEFITS OF COMPLEXATION 

Improvement in Solubility, Dissolution, 
and Bioavailability 

CD formulations provide improved aqueous solubility to 
poorly soluble drugs, and the drug:CD complex often 
exhibits improved dissolution characteristics compared to 
other formulations of the drug. These two features can 
provide for an improvement in oral bioavailability when 
solubility and the rate of dissolution are limiting the 
availability of the drug for absorption. For example, 
the drug cefotiam hexetil hydrochloride forms a ge! under 
the acidic conditions of the gastric contents and shows 
poor dissolution. A variety of excipients were screened to 
prevent gelation and a~CD complexation afforded the best 
formulation for the dissolution and solubilization of the 
drug (63). 

Another example is the calcium channel blocker, 
cinnarizine. This drug exhibits a very low and erratic 
bioavailability after oral administration as a suspension 
(F = 8 ± 4%) or capsule (F = 0.8 ± 0.4%). When it was 
administered as a complex with SBE4-p-CD or HP-p-CD 
(64), either as a solution (F — 55-60%) or in a capsule 
(F = 38 ± 12%), the bioavailability was significantly 
enhanced. The improvement in bioavailability was 
attributed to enhanced dissolution and solubilization via 
the complexation. 

A review of the literature reveals several hundred 
citations and reviews that describe the effects of 
complexation on dissolution and bioavailability of drugs. 
A broad range of CD and CD derivatives have been 
investigated as well as many different drugs. Some other 
representative examples are spironolactone (65), mecli- 
zine (66), ketoprofen (67), oxazepam (68), danazol (69), 
phenytoin (70), and tolbutamide (71). Although these 
studies demonstrate the general application of complexa- 
tion for improvements in dissolution and bioavailability, 
the use of complexation may not be practical for some 
dosage forms due to the amount of CDs required. p-CD for 
example has a molecular weight of 1135. If one uses a 



mole ratio of 5:1 to promote solubility, then over 350 mg 
of CD will be required for a 25 mg dose of a drug having a 
molecular weight of 400. This can limit the type and dose 
of drug that can realistically be used with complexing 
agents for solid oral dosage forms. 

Solution formulations, however, do not typically have 
these same constraints, and complexation provides an 
alternative to the use of non-aqueous solvents or large 
volumes. A few derivatized CDs (e.g. hydroxypropy! and 
sulfobutyl ether) can be safely administered by parenteral 
routes. This is often where complexation and its 
improvements in aqueous solubility can be most readily 
utilized. The derivatized CDs often can be used to replace 
cosol vents such as ethanol, polyethylene glycol, and 
lipids, as well as provide an alternative to the use of 
emulsions and liposomes. The hydroxypropy! and 
sulfobutyl ether derivatives are stable in solution and can 
be readily autoclaved, often improving the heat stability of 
drugs. There are however, reports of complexation of CDs 
with antioxidants (72) and preservatives (73, 74) with 
both decreased and increased efficacy (75). 

Reduction of Unpleasant Side Effects 
and Bitter Taste 

Improvements in the rate and extent of dissolution of a 
drug can improve the rate of absorption of the drug. 
Reducing the contact time between the drug and the tissue 
mucosa can help minimize tissue irritation produced by 
drugs. Nonsteroidal anti-inflammatory drugs cause a high 
incidence of gastrointestinal ulcerative lesions that are a 
result of both local irritation from the drug and systemic 
inhibition of prostaglandin synthesis by the drug. CD 
formulations of naproxen (76), diclofenac (77), and 
piroxicam (78) cause fewer gastric lesions associated 
with the acute local tissue irritation than produced by the 
drug alone. Formulations containing CDs have also shown 
less irritation than nonCD containing formulations for 
ophthalmic (79), intravenous (80), and intramuscular (81) 
administration, and in cellular injury screening tests (82). 

Complexation with CDs can also have the effect of 
reducing the amount of contact with taste receptors. This 
can be of great benefit in the preparation of oral solutions. 
Not only are the drugs "masked" from the receptors by 
inclusion in the CD cavity, but the increased hydro- 
phiiicity enables the easier removal of the bitter substance 
from the receptor surface as well. The apparent 
concentration of the uncomplexed bitter drug is a 
function of the complexation constant, the amount of 
free CD, and the water solubility of the drug (83). 
Complexation has been used to mask the unpleasant bitter 
taste of a number of drugs such as oxyphenonium 
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bromide (84), propantheline bromide (85), clofibrate (86), 
and acetaminophen (83). 



Improvements in Drug Stability 

CDs are normally thought of as stabilizing agents in 
pharmaceutical formulations (87, 88), They have been 
shown to stabilize drugs to hydrolysis (89) and hydro] y tic 
dehalogenation (90), oxidation (91), decarboxylation, and 
isomerization (92), both in solution and in the solid state, 
They cam however, accelerate these same reactions 
(93, 94). The nature of the stabilization or destabilization 
depends on the CD used (parent and functional groups of 
any derivative) and on the position of the guest molecule 
inside the CD. If the molecule is positioned such that the 
area of instability is located outside the CD, no effect on 
stability may be observed. When the position allows 
interaction of the CD hydroxyls (or derivative functional 
groups) with a hydrolytically prone site, decreased 
stability may be observed but if the site is located fully 
within the CD, enhanced stability usually results. 

In the solid state, stabilization of drugs to degradation 
has been reported for numerous drug including nicardipine 
(95), colchicine (96), prostaglandin E } (97), diclofenac 
(98), and sulfamethoxazole (99). 

Stabilization is not limited to small compounds, as 
larger molecules such as peptides and proteins can also 
form complexes that result in enhanced chemical and 
physical stability (100). The CDs will typically interact 
with functional groups present on exposed surfaces of 
the macromolecules and often form multiple complexes 
(several CDs per molecule). Stabilization against 
aggregation has been observed for CD complexes in 
solution with proteins such as ovalbumin and lysozyme 
(101), carbonic anhydrase (102), and insulin (103), and 
in the solid state with albumin and gamma-globulin 
(104). CD complexes have also been investigated as 
chaperone-mimics (105) in the refolding of denatured 
proteins (106). 

The degree of stabilization/destabilization of a drug 
complexing with a CD depends not only on the rate of 
degradation within the complex, but also on the fraction of 
drug that is complexed (88), and the stoichiometry (107). 
Increased stability is often observed for compounds having 
high association constants and those that tend to form 
higher order complexes. 

Reduction in Volatility 

Inclusion complexes have been prepared with a number of 
volatile substances (108, 109) including spices, flavors, 



essentia! oils, and several drugs. CD complexation has 
been shown to reduce the volatility and improve the 
stability of many compounds. Examples include lemon oil 
(110) and other flavoring agents (109), clofibrate (86), 
isosorbide 5-mononitraie (ill), and nitroglycerine (112). 
In addition, complexation facilitates the handling of 
products, particularly because they transform liquids to 
solids. The solid form can also provide certain formulation 
advantages over liquids such as eliminating the melting 
point and hardness reduction of suppositories commonly 
observed when liquids are added (113). 



CYCLODEXTRINS 
c*% p-, and y-CDs 

CDs, also called Schardinger dextrins, cycloglucans, or 
cycloamyloses, are a- 1,4 linked cyclic oligosaccharides 
obtained from enzymatic conversion of starch. The parent 
or natural CDs contain 6, 7 or 8 glucopyranose units and 
are referred to as alpha-(a-CD), beta-(p-CD), and 
gamma-(7-CD) CD, respectively. The chemical structure 
of p~CD (Fig. 2) shows the cyclic nature of the molecule, 



Table 6 Characteristics of a-, p-, 


and 7-CDs 






a 


P 


y 


No. of glucose units 


6 


7 


8 


Molecular weight 


972 


1135 


1297 


Cavity diameter, A 


4,7-5.3 


6.0-6.5 


7.5-8.3 


Solubility @25°C {g/100 mL) 






Water 


14,5 


1.85 


23.2 


Methanol 


i 


i 


>0.1 


(Aqueous) 50% 


0.3 


0.3 


208 


Ethanol 


i 


i 


>0.1 


(Aqueous) 50% 


>0.1 


1.3 


2.1 


2-propanol 


i 


i 


>0.1 


Dimethylsulfoxide 


2 


35 




Propylene glycol 


1 


2 




Glycerin 


i 


43 




Solubility in water (g/100 g) 






20 D C 


0.90 


1.64 


1,85 


25 °C 


1.27 


1.88 


2,56 


30 C C 


1.65 


2.28 


3.20 


35 °C 


2.04 


2.83 


3.90 


40 Q C 


2.42 


3.49 


4.60 


45 °C 


2.85 


4.40 


5.85 


50 °C 


3.47 


5.27 




55 °C 




6,05 





(Adapted from Ref. 7.) 
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and the presence of three hydroxy! groups on each 
glucopyranose unit. Two of the hydroxy is are secondary 
alcohols and are located at the C~2 and C-3 positions of 
the glucopyranose unit. The third hydroxyl is a primary 
alcohol at the C~6 position. The hydroxyls provide the 
hydrophilic exterior responsible for the aqueous solubility 
(Table 6) of the CDs. 

In three dimensions, this structure forms a truncated 
cone where the primary hydroxyl groups are located on 
one face and the secondary hydroxyl groups on the 
other. The interior of the cone is hydrophobic due to 
the presence of the glycosidic ether oxygens at 0-4 and 
the hydrogens attached to C-3 and C-5, and thereby 
provides a cavity for the inclusion of hydrophobic 
compounds. The cavity varies in size with a-CD being 
the smallest at about 5.3 A across and y-CD the largest 
at 8.3 A diameter (Table 6). 

Properties in solution 

The solubilities of the natural CDs in water varies and is 
quite dependent on temperature (Table 6). The unusually 
low water solubility of £-CD is due to the very rigid 
structure that results from the H-bonding of the C-2 
hydroxyl of one glucopyranose unit with the C-3 hydroxy! 
of an adjacent unit (114). In the p~CD molecule, a 
complete set of seven intramolecular H-bonds can form, 
effectively limiting interactions with the solvent. This 
"belt of H-bonds" is incomplete in the other parent CDs 
thus allowing more favorable interactions between a- and 
7-CD and water molecules. This is consistent with the 
observation of a less favorable enthalpy and entropy of 
dissolution (115) for P-CD versus a- and 7CD. Recent 
studies have suggested that the abnormally low water 
solubility of £~CD may be exacerbated by aggregation of 
these rigid ^CD molecules (1 16). The solubility of P-CD 
can be increased by disrupting this aggregation through the 
addition of solvent structure-altering substances such as 
urea (117), inorganic salts (118), and hydrophilic 
polymers (1 19). 

Solubility of the CDs is low in most organic solvents 
(Table 6). In aqueous/organic cosolvent systems, the 
solubility decreases as the organic concentration increases, 
with the exceptions of ethyl and propyl alcohol where a 
maximum is observed at around 30% alcohol (120). 

In solution, the CDs are fairly stable to hydrolysis in 
alkaline medium. Under acidic conditions, the a-1, 
4 glycosidic bonds are slowly broken to open the ring, 
and then to give glucose and a series of linear 
maltosaceharides. The initial opening of the ring is a 
slower process by about 2-5-fold than the subsequent 
hydrolysis of the linear dextrins. The initial ring-opening 
kinetics are the most important for pharmaceutical 
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Fig, 9 Water vapor sorption isotherms for a-, p-, and y-CD at 
40 Q C (Dashed line: adsorption, solid line: desorption). (Adapted 
from Ref. 7.) 



preparations as complexation requires the intact cyclic 
structure. Half-lives for the ring opening reaction step at 
70°C and 0.2 M HC1 are 25.2, 14.5, and 7.1 h for a-, p-, 
and 7-CD, respectively (121). Additional pH/rate data are 
available in the literature (122). 

Similar reaction products are observed with gamma- 
irradiation in solution (123), but in the crystalline solid 
state, the mechanism appears to be different and no 
glucose is formed. 

Solid state properties 

The three natural CDs form crystalline structures in the 
solid state that decompose above 20(PC with no definite 
melting points. They are not considered hygroscopic, but 
they do form various stable hydrates. The water vapor 
sorption isotherms (Fig. 9) show two phases for the fl- and 
7-CDs, and one phase for ot-CD. At 11% RH, a-CD 
absorbs 4 water molecules and upon long-term storage, 
forms a stable hydrate with 6 water molecules. The water 
content gradually increases with increasing humidity to a 
constant value of 6.6 water molecules per CD molecule at 
and above 79% RH (124). Four different crystalline forms 
of a-CD have been reported; two forms containing 
approximately 6 water molecules, one form containing 7,6 
water molecules and a dehydrated form. 

The water content of £-CD increases with increasing 
humidity and passes through a plateau region at about 
23-31% RH where the water content is about 5-6 
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water molecules. Another leveling of the plot occurs at 
humidities of 60-79%. Both 12-water (125) and 1 1 -water 
(126) hydrated crystalline forms have been reported 
along with a dehydrated form. Upon standing for several 
weeks, the 1 1 -water form will convert to the i 2- water form, 
which is stable over a large range of humidity conditions. 

X-ray diffraction patterns of 7-CD stored under 
various humidity conditions also show the existence of 
three distinct crystalline forms. A dehydrated form is 
observed at low humidities and a hydrated form 
containing almost 17 water molecules occurs at 93.6% 
RR An intermediate crystalline form containing 7 water 
molecules is found at intermediate RH values which 
corresponds to the plateau region at 20-30% RH in the 
sorption isotherm. The hydrate and dehydrate forms pass 
through the intermediate form during dehydration, and 
hydration respectively (124). 

CD Derivatives 

Hundreds of modified CDs have been prepared and 
shown to have research applications. However, only the 
derivatives containing the hydroxypropyl (HP), methyl 
(M), and sulfobutyl ether (SBE) substituents are in a 
position to be used commercially as new pharmaceutical 
excipients. These substituents vary in size and 
electronic character and are attached to the CD 
structure through reaction with one or more of the 
three hydroxyl groups of the glucopyranose units. The 
parent CDs contain 18 (a-CD), 21 (p-CD), or 24 (-y- 
CD) hydroxy] groups that are available for modification. 
The most reactive hydroxyls are in the C-6 position and 
the C-3 hydroxyls are the least reactive. However, the 
difference in reactivity is not great, and changing 
reaction conditions can often alter the position of 
substitution. The preparation of homogenous, selectively 
derivatized CDs is, therefore, not an easy task. With all 
the options available for positional and regioisomers to 
he formed, one must be careful in describing the 
various derivatives. A discussion of nomenclature is 
provided earlier. 

The main derivatives under development as excipients 
are all derivatives of p-CD: I) A randomly methylated 
derivative with an average MS of 14 (M14-0-CD), 2) Two 
different 2-hydroxypropyl derivatives, one with an 
average MS of approximately 3 ((2HP)3-p-CD) and the 
other with an average MS of 7 ((2HP)7-p-CD), and 3) A 
sulfobutyl ether derivative with an average MS of 7 
(SBE7-0-CD). Glucosyl and maltosyl CDs (127, 128) 
which contain a mono- (G r p-CD) or disaccharide (Go-p- 
CD) substituent, have also been reported and show 
promise for the future. 



Methylated 

Methylation can be controlled to produce mono- to fully 
derivatized CDs. The introduction of the methyl 
substituent dramatically improves the water solubility of 
the derivative versus the parent CD, Aqueous solubility 
increases as the number of methyl groups reaches 14 and 
then decreases as substitution approaches 21, The 2,6- 
DM14~p-CD and the 2,3,6-TM2i-p-CD have solubilities 
of 57 and 31 g/100 ml, respectively, versus 1.8 g/100 ml 
for the parent (3~CD. The introduction of the methyl groups 
disrupts the "belt of H-bonds" effectively increasing the 
polarity of the derivati ve. 

The aqueous solubility of these derivatives is adversely 
affected by temperature, however, and precipitation occurs 
during heat sterilization. The mixture of randomly 
methylated P~CD (M14~P~CD) (129), however, exhibits 
a favorable water solubility (>50 g/100 ml) that increases 
as temperature increases (130). 

The extent of methylation is also important in 
optimizing complexation. The introduction of the methyl 
substituent at the 2- and 6- positions appears to improve 
complexation. Binding constants for 2,6~DM14«P~CD 
with many drugs is an average five times of that observed 
with 3-CD. The methyl groups seem to increase the 
hydrophobicity of the CD cavity possibly by providing an 
"extension" of the cavity. Derivatization of the remaining 
C3 hydroxyls, however, results in a dramatic decrease in 
complexation ability, This may result from the distorted 
cyclic structure formed when the CDs are permethylated 
(131). The altered conformation also impacts the stability 
of the derivative in acidic solutions. Degradation half-lives 
of 2.1 and 12,0 h have been reported for a randomly 
methylated (2, 3, 6) MI4-|3~CD and a 2,6-DM-p-CD, 
respectively, in 1 M HC1 at 60 Q C (129). Under similar 
conditions, p~CD has a half-life of 5.4 h. 

The mixture of randomly methylated [3-CD, although 
partially derivatized at the 3 -position, still maintains the 
favorable binding characteristics of 2,6-DM14-p-CD. One 
report (129) demonstrated that MI4-p-CD solubilized 26 
drugs more effectively than (3-CD and the extent of 
solubilization was on average 80% of that observed for the 
purified 2,6~DM~P~CD preparation. 

Studies suggest that an optimal definition for a 
commercially viable methylated CD is the partially 
methylated (3-CD (MI4-(3~CD) containing an average 
MS of approximately 14 with the substituents at the 2-, 3-, 
and 6-positions. This material is produced economically, 
has an aqueous solubility that increases with temperature, 
and has binding constants higher than those observed with 
the unsubstituted p-CD and close to those observed with 
the 2,6-DM-P-CD. 
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Hycfroxypropyi 

Hydroxy alkylation of 0-CD requires treating base- 
solubilized £J~CD with the appropriate epoxide or 
haloalcoho] (132, 133). Propylene oxide or propylene 
carbonate are used in the preparation of 2-hydroxy propyl 
p-CD ((2HP)~P-CD), the derivative being commercia- 
lized. The reaction occurs at both primary and secondary 
alcohols on the p-CD generating a mixture of numerous 
isomeric forms (134, 135). This results in a heterogeneous 
product that is amorphous and highly water soluble. 

The 2-hydroxy propyl derivative has been the subject of 
numerous clinical trials and is commercially available 
from several suppliers, Brandt (136), Muller (137, 138), 
and Pitha (139) have described its preparation and use. 
The DS can affect the ability of the hydroxypropyi 
derivatives to form complexes. It can also affect the 
solubility of the derivatives. The mono substituted 
derivative, (2HP)l-p-CD is actually less soluble than 
p-CD (140). However, at degrees of substitution of —2.7 
and higher, the solids are amorphous and exhibit 
solubilities in excess of 50% w/v (135). Water uptake 
by the solid forms is low. At 75% RH and 25°C\ the 
(2HP)~p-CDs show less water uptake than the parent 
P-CD (135), and the water uptake decreases with 
increasing MS. 

As discussed earlier, the need to control the DS becomes 
important to balance water solubility and complexation 
capability. Two commercial preparations of (2HP)~0~CD T 
Encapsin' 1M and Molecusol®, have recognized the need 
for this compromise and have substitution levels that 
provide a balance between solubility and complexation. 
Encapsin and Molecusol have MS values of approximately 
3 and 7, respectively. Although both (2HP)~p-CD 
commercial preparations are unique, each manufacture 
can reproduce bly generate materials to meet defined 
specifications. These (2HP>P~CD derivatives appear to 
be equally effective in complexation and have water 
solubilities exceeding 50% w/v. Both have been adminis- 
tered parenterally. 

Sulfobutyi ether 

Rajewski (48) prepared the directly sulfonated CDs 
through the introduction of the sulfonic acid moiety at 
the C-6 position. These anionically charged sulfonic acid 
substituents were spaced away from the CD with alky] 
groups by Parmerter (141) and Lammers (142) in the 
preparation of sulfopropyl derivatives of CDs, 

Stella and Rajewski (44) later described the 
preparation of sulfoethyl through sulfohexyl derivatives 
of the CDs. The sulfonate and sulfoalkyl ether 
derivatives can be prepared with different average 



degrees of substitution (143), are isolated as the sodium 
salts, and demonstrate water solubilities independent of 
the MS. Likewise, no effect on complexation is seen with 
changes in MS when the alkyl spacer is butyl (Fig. 7). 
The SBE-p-CD derivatives are amorphous and similar to 
HP-P-CDs, tend to form amorphous complexes. They are 
highly water soluble (>50 mg/ml), and somewhat 
hygroscopic, reversibly picking up water at humidities 
below RH 60%, 

The SBE7-p-CD derivative has been used in clinical 
trials and is being developed commercially as CaptisoL It 
is well characterized and suitable for parenteral 
administration. 



ABSORPTION, DISTRIBUTION, METABOLISM, 
AND EXCRETION 

Oral Pharmacokinetics 

The parent CDs are poorly absorbed from the gastroin- 
testinal tract. Reported values for absorption range from 
0.1 to 03% (144) for rats fed a diet containing 5-10% 
P-CD, to -2% (145) when the doses were administered in 
an isolated rat ileum closed-loop experiment. When 14 C 
p-CD was administered orally, values as high as 4.8% 
have been reported for appearance of the label in the urine 
(146). This higher value was attributed to absorption of the 
metabolites of p-CD. The small amount of intact CDs 
absorbed orally probably does so by passive means (147), 
via the paracellular route (148). Oral absorption studies 
with a- and 7CD have shown ^2% and <0.1% 
absorption, respectively (149, 150). 

The majority of an orally administered dose of a- and 
P-CD will be metabolized in the colon. This has been 
demonstrated both in rats (146) and man (151) with very 
little hydrolysis occurring in the upper gastrointestinal 
tract (GIT). Microbiological studies (152) have shown 
that most of the human colonic bacterial strains can 
degrade a- and p-CD and this activity can be stimulated 
by as little as 2-4 h of exposure to the CDs. The typical 
40 h transit time through the human colon provides 
adequate time to induce the bacterial enzymes to provide 
for complete hydrolysis of the CDs in the colon. 
Likewise, most of an oral dose of 7-CD is metabolized 
in the GIT. However, studies with radiolabeled 7-CD 
suggest that most of its metabolism occurs in the upper 
GIT (153). 

The derivatized CDs are generally more resistant to 
hydrolysis in the GIT than the parent CDs. Oral 
bioavailability of HP-0-CD in dogs is estimated at 3.3% 
and is less in rats, and about 60% of the dose is excreted 
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Table 7 Pharmacokinetic parameters for several CDs 
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unchanged (154). Oral absorption in humans has not been 
observed (150). Oral administration of l4 C HP-P-CD to 
rats results in approximately 3% of the radiolabel 
appearing in the urine, 71% in the feces, and 3% being 
exhaled (155). 

The methylated derivatives have shown somewhat 
greater oral absorption. The absorption of DM~p~CD has 
been reported as 6.3-9.6% in the rat (156), and M-(3-CD 
as 0,5-11.5% (153). 

Parenteral Pharmacokinetics 

Intravenously administered CDs disappear rapidly from 
the systemic circulation and are excreted mainly through 
the kidney, a- and £-CD are excreted almost completely in 
their intact form, but some metabolism is observed with 
7-CD. Reports vary with regard to the amount of meta- 
bolism from "substantial" (157) to 10% or less (153). The 
hydrophilic CD derivatives are likewise rapidly cleared 
following intravenous administration and most are 
excreted unchanged in the urine. Linear, two compartment 
pharmacokinetics are usually observed although the initial 
distribution kinetics are very rapid and may not always be 
captured. 

The disposition parameters for several CDs are given in 
Table 7. The steady state volumes of distribution (VdjJ 
correspond well with extracellular fluid volume in each 
species evaluated, suggesting little or no distribution of 
most CDs into other tissues or storage compartments. 



Studies with l4 C HP-p-CD have shown that the small 
amount that does distribute, has been found mainly in the 
kidney and lungs of rats following single intravenous doses, 
and in the kidney and liver of dogs after chronic (1 month) 
intravenous dosing (154). The total plasma clearances 
(CL T ) are dose independent and are indicative of clearance 
at a rate comparable to glomerular filtration (158, 160). 
Thus, as with any compound whose elimination is closely 
tied to kidney function, linear pharmacokinetics may not 
always be observed in the presence of poor renal function. 



SAFETY OF CD 
Oral Safety 

The oral safety of the parent p-CD was first reported in 
1957, and it was erroneously suggested that the material 
was unsafe (162). Subsequent studies by Anderson et al 
(163) and Gerloczy (164) demonstrated that a- and P-CD 
produced no toxic effects when fed to rats for 30-90 days 
at 1% of the diet or at 1 and 2 g/kg daily doses. The odd, 
irreproducible results of the first report were probably due 
to the inconsistent purity of early CD materials and the 
possible presence of residual organic solvents. 

Both rodent and nonrodent studies have been conducted 
on the parent CDs. SzejtH and Sebestyen (165) reported 
the parent CDs to be nontoxic at very high oral doses. 
Mortality was not observed, even in animals treated with 
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the highest possible oral doses. Therefore, the LD 50 in rats 
is reported to be greater than 12.5, 18.8, and 8 g/kg body 
weight for a-, p-> and -y~CD, respectively. 

In general, the oral administration of a-, p-, and 7-CD 
appears to cause several changes reflective of an 
adaptation to a diet containing a poorly digestible 
carbohydrate. The changes are species dependent, with 
rats being more susceptible than dogs. In both cases, the 
effects are reversible upon cessation of treatment. 

a~, and 7-CD 

The safety of orally administered (3-CD has been 
investigated in numerous studies (120, 144, 166, 167) 
with extensive evaluation of hematology, blood chemistry, 
urinalysis, and necropsy (macro and microscopic). No 
significant toxic effects were observed in any of these 
studies after oral administration of £-CD to mice, rats, or 
dogs. 

Although no macroscopic pathologies were observed, 
microscopic evaluation of the tissues revealed several 
treatment-related changes from the 1-year exposure of rats 
to p-CD (167). The organs affected by the treatment were 
the kidneys and the liver. The kidney effects were not 
thought to be of any toxicological importance. 

Some cellular necrosis was observed in the liver of 
male rats receiving a 5% £~CD diet and in female rats 
receiving a 2.5 and 5.0% [3-CD diet. An increase in portal 
inflammatory cell infiltration was also observed in male 
rats receiving the 2.5% p-CD diet and male and female 
rats receiving the 5.0% p-CD diet. These observations 
were considered to represent a mild hepatotoxicity 
(mechanism unknown), which was further evidenced by 
increases in serum liver enzymes. 

The 1-year exposure (167) of dogs to |3-CD diets did 
not result in the kidney or liver pathologies observed in the 
rats. Therefore, the mild hepatotoxicity may be species 
related and not reflective of a genera! hepatotoxicity. Dogs 
fed 5% p-CD for 1 year exhibited increased urinary 
protein levels and the urinary excretion of calcium. 
However, these changes were not noted in the rat study. 

From the results of the I -year studies, the nontoxic 
effect levels for oral use of 3-CD are considered to be 
1 .25% of the diet for rats and 5% for dogs. Considering the 
quantity of food that was consumed under these 
conditions, this is equivalent to approximately 760 and 
1899 mg/kg/day for rats and dogs, respectively. 

a- and 7-CD show similar oral safety profiles to those 
observed for p-CD. Ninety-day feeding studies in rats and 
dogs (153) consuming diets containing a -CD or 7-CD 
have shown effects that are consistent with the consump- 
tion of a poorly digestible carbohydrate such as p-CD or 
lactose. Some increases in organ weights (spleen and male 



Table 8 Reported oral safety studies with HP3-p~CD{ 1 98) and 
SBE7-P-CD 
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adrenals) have been observed but were reversible. The 
ingestion of 7-CD for 13 weeks at dietary levels of up to 
20% (corresponding to intakes of 1 1 .4 and 12.7 g/kg body 
weight/day for male and female rats, respectively) has 
been shown to be well tolerated (168). 

The treatment of dogs with 0, 5, 10, and 20% a-CD and 
7-CD diets resulted in minimal effects as compared to 
those observed in rats (153). A subsequent study 
concluded that daily 7-CD consumption of up to 20% in 
the diet (approximately 7.7 g/kg body weight in male and 
8.3 g/kg body weight in female dogs) is tolerated without 
any toxic effects (169). 

CD derivatives 

Oral safety studies have been conducted with at least two 
derivatives, the HP3-0-CD and SBE7-3-CD. The reported 
studies for these derivatives are listed in Table 8. The oral 
safety of HP3-(3-CD has been assessed in mice, rats, and 
dogs for dosing periods up to 2, 2, and 1 year, respectively. 
Doses reached as high as 5000 mg/kg/day. No adverse 
effects were noted except for an increase in diarrhea in 
dogs treated with 5000 mg/kg. The 2-year carcinogenicity 
studies are discussed separately later. 

The oral safety of SBE7-p-CD derivative is currently 
under evaluation. 

Parenteral Safety 

The most encompassing test of an excipient's safety is the 
systemic safety of the material because many of the routes 
of administration ultimately result in at least some minor 
systemic exposure. Numerous studies with the parent CDs 
have shown that their parenteral toxicity is observed 
primarily as renal and cytotoxicity (hemolysis and tissue 
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irritation). These toxicities were the driving force for the 
preparation of new CD derivatives, many of which exhibit 
improved parenteral safety. 

a-, (3~ T and y-CQ 

Renal issues: The parent CDs can all show a toxic 
effect on the kidney when given parenterally. The 
nephrotoxicity of a- and P~CD manifests itself as a series 
of alterations in the organelles of the proximal tubule cells 
(170). The toxicity is initially expressed as an increase in 
apical vacuoles, which is typical of an adaptive response 
to the excretion of osmotic agents at extremely high 
concentrations, This effect reverses upon discontinuation 
of CD administration. However, there are also other 
cellular changes not typical of osmotic agents that are not 
reversible. Giant lysosomes appear and prominent acicular 
(needle-like) microcrystals are observed in the epithelial 
cells of the renal proximal tubules. Both the occurrence 
and abundance of the microcrystals are dose dependent. 
The content of the crystals has not been confirmed but 
suggestions include precipitated parent CD (unlikely for 
o>CD with a solubility of 145 mg/ml), and complexes of 
CDs with cholesterol (171) or lipoproteins (172). The 
proximal tubules progressively show dramatic alterations 
in other organelles. The mitochondria are observed to 
swell and become distorted. The Golgi apparatus is 
affected along with the smooth endoplasmic reticulum. 
The interstitial membrane on the basal lateral side of the 
cell is disrupted. AH of these events are irreversible, and as 
the toxic condition progresses, kidney function is lost and 
death ensues. 

Parenterally administered 7-CD appears to be less 
nephrotoxic than a- or (3-CD. Subcutaneous and 
intravenous doses as high as 4000 mg/kg in mice and 
2400 mg/kg in rats have shown no toxic effects (173). 
Schmid (174) reported that the intravenous LD 50 for 7-CD 
in mice was 10,000 mg/kg and >3750 mg/kg for rats. For 
acute intravenous administration, 7-CD has been shown to 
be safer than a- and 3 -CD, which exhibit LD 50 values of 
1000 and 788 mg/kg, respectively, in the rat (170, 174). 
Antlsperger (153), and more recently Donaubauer (175), 
evaluated the intravenous administration of 7-CD to rats 
for 30 and 90 days. A no adverse effect level (NOAEL) of 
200 mg/kg was reported for the 30-day studies and 
1 20 mg/kg was suggested for the 90-day studies. 

Cytotoxicity issues: In- vivo hemolysis has been 
observed with parenteral administration of all of the 
parent CDs, In-vitro studies with human erythrocytes have 
demonstrated that the damaging effect of the CDs is in the 
order p-CD > a-CD > 7~CD (176). This cellular 
destruction has also been observed in studies with 
human skin fibroblasts and intestinal cells (177), P388 



murine ieukaemic cells (178), E. coli bacterial cells (179), 
and immortalized human corneal epithelial cells (180). 
Mechanistic studies suggest that CDs extract either 
cholesterol (P-CD and 7-CD) or phospholipids (a-CD) 
from the cell membrane causing small pores which allow 
leakage and eventually lead to cell lysis. 

These in vitro cytotoxicity studies are not indicative of 
in vivo toxicity but rather provide a method to classify the 
CDs for their potential to destabilize or disrupt cellular 
membranes. In fact, when whole blood is used instead of 
erythrocytes for the hemolysis tests, the cytotoxicity of the 
CDs is diminished 10-fold by the presence of hydrophobic 
serum components. Thus, the membrane damaging effects 
of the CDs are observed in vivo only under situations of 
high concentrations, 

CD derivatives 

Renal issues: The derivatized CDs vary widely in their 
potential for renal safety. Renal nephrosis was observed 
for methylated fi-CDs following intramuscular injections 
of as little as 50 mg/kg/day over 12 days (181). The 
damaging effect of the methylated CDs was in the order of 
TM-p-CD >M-p-CD >DM-p-CD >£-CD. An LD 50 value 
of 220 mg/kg has been reported for DM-p-CD (159). 
Administration of the maltosyl/dimaltosyl derivatives 
G 2 ~P~CD/(G 2 )2~P-CD on the other hand, showed no 
toxic effects on the kidney of rats at intravenous doses of 
200 mg/kg for 14 days (182). There was however, a 
flushing of the eyes, nose, mouth and extremities observed, 
prompting additional investigation. 

Safety of the hydroxypropyl and sulfobutyl ether 
derivatives has been studied in considerable detail and 
little or no renal toxicity has been demonstrated at 
moderate doses. Summaries of available intravenous 
safety studies are given in Table 9. Parenteral exposure 
with either derivative results in the osmotic adaptive 
response seen with p-CD but further progression to the 
irreversible damage does not occur. 

Ninety-day intravenous dosing of (2HP)3~p~CD at 
400 mg/kg resulted in moderate toxicity as evidenced by 
decreases in body weight gains, changes in blood and 
serum parameters, increased activity of mononuclear 
phagocytosing cells of the lungs and liver, and an increase 
in the red pulp hyperplasia in the spleen (183). 

The evaluation of the sulfobutyl ether derivative, 
SBE7-p-CD for 6 months with daily intravenous dosing up 
to 600 mg/kg did not present evidence of the effects noted 
with (2HP)3-(3-CD and demonstrates the extensive 
systemic safety of this CD. 

Cytotoxicity issues: As with rena] toxicity, the 
various derivatives show dramatically different hemolytic 
behaviors. The dimethyl derivative shows substantial 
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Table 9 Reported intravenous safety studies with HP3-p- 
CD(198) and SBE7-p-CD 



Dosing duration Doses 
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"Two 90-day studies were conducted al these levels. 
(Adapted from Ref. 198.) 



hemolysis; more than even the parent p-CD. This is well 
illustrated in Fig. 10 where the percentage of cells 
undergoing hemolysis is shown as a function of CD 
concentration. Hemolysis started at concentrations below 
0.1% for the DM~P~CD. Four to five times higher 
concentrations of p-CD are required to give the same 
hemolysis. This behavior is in agreement with the 
demonstration of DM- p-CD as a penetration enhancer in 
skin (184) and nasal tissue (185). 

The hydroxypropy! and sulfobutyl ether derivatives, on 
the contrary, show much less hemolysis than p-CD. This is 
shown in Fig, 1 1 where the hemolysis caused by p~CD is 
compared to two (2HP)~p-CDs and three SBE-p-CDs 
(186). The hemolysis profiles show a dependence on the 
MS for the derivatives, showing less effect with higher 
MS. The two hydroxypropy] derivatives, (2HP)3-p-CD 
and (2HP)7-p~CD, are almost equivalent in their 
hemolytic behavior and are both less hemolytic than 
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Fig, 10 Hemolytic effects of CD derivatives on human 
erythrocytes in isotonic phosphate buffer (pH 7.4) at 37 °C for 
30 minutes. (A, a~CD; O, p-CD; □, 7 -CD; DM~p~CD; A, HP- 
p~CD: HE-p-CD.) (Reprinted from Ref. 135.) 

P-CD. Likewise, the sulfobutyl ether derivatives are less 
hemolytic than p-CD, but the effect of MS is quite 
dramatic. As the MS increases from one to four to seven, 
the hemolytic activity drops precipitously to where 
essentially no hemolysis is observed with SBE7~P~CD. 

Mutagenicity and Carcinogenicity 

The potential for interaction with genetic material (and 
therefore risk of carcinogenicity) can be investigated using 
bacterial and mammalian gene mutation assays and 
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Fig. II Hemolytic effects of CD derivatives on human 
erythrocytes in isotonic phosphate buffer (pH 7.4) at 37 °C for 
5 minutes. ■. P^CD; SBE1-P-CD; #, (2HP)3-p~CD;A. 
(2HP)7-P-CD; A, SBE4-p-CD; O, SBE7-p-CD. (Adapted from 
Ref. 186.) 
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chromosomal aberration assays. The parent CDs do not 
exhibit mutagenic behavior in any of these assays 
(153, 165), and there have been no reports of tumors in 
oral feeding studies or in the parenteral administration of 
any of the parent CDs. 

Several of the CD derivatives have also been evaluated 
for mutagenicity and carcinogenicity. Both HP-p-CD 
(187, 188) and SBE7-P-CD (189) show negative results 
for the mutagenicity tests. However, a 2-year carcino- 
genicity study of HP-(3-CD in rats demonstrated 
hyperplastic and neoplastic changes in the acinar cells of 
the exocrine pancreas (190). The neoplasia in the rat study 
is inconsistent with the mutagenicity assay results and with 
the lack of carcinogenicity of the parent CDs, In separate 
and shorter studies with mice and dogs, no adverse effects 
were observed for the pancreas. 

The rat pancreatic hyperplasia may be due to the ability 
of high concentration of HP-(3~CD to increase the fecal 
elimination of bile salts indirectly causing a stimulation of 
the production of cholecystokinin (CCK). In the rats, CCK 
functions as a mitogen causing an increase in the cellular 
hyperplasia in the acinar cells. Sensitivity to this effect is 
species dependent (191), the rat is most sensitive and dog 
show no effects. The carcinogenicity study for HP-(3-CD 
may have been conducted at levels that are affecting an 
important nutritional balance. The FDA guidelines for 
carcinogenicity studies suggest that safety studies be 
conducted with the highest levels possible to determine 
maximum tolerated doses but care should be taken to 
minimize possible nutritional deficiencies (192), The 
observation of pancreatic neoplasms observed with 
the 5 g/kg/day oral doses of HP-(3-CD may have been 
the consequence of a nutritional deficiency not a 
carcinogenic effect of HP-p-CD itself. 



Reproductive Safety 

In oral-safety studies involving both male and female 
animals, some minor differences were observed between 
the sexes. The parent CDs, however, do not adversely 
affect either gender and the effect of CDs on reproduction 
is minimal (166). Embryotoxicity and teratogenicity 
studies have been reported for at- and 7-CD (193). Several 
90-day feeding studies in rats and rabbits have been 
conducted with no effects being observed for maternal 
health or reproduction (153). 

A more extensive evaluation of reproductive and 
developmental safety of 0-CD was reported in a three- 
generation study by Barrow et aL (194). The only adverse 
effect observed during the study was a dose related 
decrease in pup weight gain from birth until weaning but 



this was statistically significant only for the 5% (3-CD diet 
during days 7-14 postpartum. This preweaning growth 
retardation did not result in any permanent defects and the 
affected pups returned to normal weights upon weaning. 
The NOAEL for oral p-CD, under the conditions of the 
study, was suggested to be at 1.25% dietary fi-CD. 

Reproductive safety studies have been conducted for 
both SBE7-P-CD and HP3-p-CD in rats and rabbits, A 
listing of the reported studies is given in Table 10. Oral 
administration of up to 5000 rng/kg HP-p-CD to pregnant 
rats produced no maternal toxicity, embryotoxicity, 
or teratogenicity. Oral administration of 1000 mg/kg 
HP- (3 -CD to pregnant rabbits caused a slight maternal and 
embryotoxicity but no teratogenicity. 

Intravenous administration of HP- (3-CD at 400 mg/kg 
to the dams from day 1 8 of the pregnancy to 3 weeks of 
lactation produced no adverse effects on the rat pups. 
However, when the dosing occurred from day 16 of 
gestation to week 3 of lactation, the low dose (50 mg/kg) 
and the high dose (400 mg/kg) presented significantly 
lower pup survival than the vehicle control groups. 

These effects were not observed with the intravenous 
administration of 5BE7-p-CD at doses of 100, 600, and 
3000 mg/kg to pregnant rats. There were no effects of 
intravenous treatment with SBE7-(3-CD on fertility or 
early embryonic development, nor was the material 
observed to be teratogenic. The only effect of treatment 
was a decrease in maternal body weight gains and food 
consumption at the highest doses administered. 



REGULATORY STATUS 

Regulatory Process for New Exciplents 

CDs are not "standard" inactive ingredients, and their 
uncertain regulatory status causes hesitancy in their use in 
formulations, A common perception exists that an 
approval process is in place for the evaluation of new 
excipients, such as the CDs, In fact, there is no mechanism 
for submission and review of data on a new excipient that 
would lead to approval of that excipient In the United 
States, the FDA reviews a new excipient only in 
relationship to the review of a drug formulation. Only 
the final drug product is approved by the FDA. By this 
method the excipient data are reviewed with each drug 
application. The dossier on a new excipient is filed by the 
excipient manufacturer as a Drug Master File (DMF)-Type 
4 (195). These data are then referenced when an 
Investigational New Drug application (IND) or New 
Drug Application (NDA) is filed for a drug dosage form 
using the excipient. 
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Table 10 Reported reproductive safety studies with HF3-p-CD(198) and SBE7-p-CD 

Doses 

Species Route (mg/kg/day) 



SBE7-J3-CD (Captisol: CyDex) 
Maternal range finding toxicity 

Rats i.v. 300, 1000, 3000 

Rabbits iv. 250, 600, 1500 

Segment I: Fertility & early embryonic development 

Rats i.v. 100, 400, 1500 

Segment II: Embryotoxicity & teratology 

Rats i.v. 100,600,3000 

Rabbits i.v. 100, 400, 1500 

Segment HI; Pre- & post-natal development 

Rats i.v. 100, 600, 3000 

HP3-/3-CD (Encapsin: Janssen) 
Segment I: Fertility & early embryonic development 

Rats i.v. 50, 100, 400 

Oral 500, 2000, 5000 

Segment IT: Embryotoxicity & Teratology 

Rats i.v. 50, 100,400 

Oral 500, 2000, 5000 

Rabbits Oral 50, 100,400 

Oral 250, 500, 1000 

Segment HI: Pre- & post-natal development 

Rats i.v. 50, 100, 400 

i.v, 50, 100, 400 

Oral 500, 2000, 5000 

(From Ref 198.) 



A petition can also be made for approval as a food 
additive and to be piaced on the GRAS (generally 
regarded as safe) list. The GRAS list (21 Code of Federal 
Regulations 182.1-184.1) actually applies only to food 
additives that are reviewed by the FDA and determined 
to be generally recognized as safe for the purpose and 
use conditions described in the statute. The use of GRAS 
excipients is often but not always transferable to oral 
pharmaceutical formulations. Once the material is 
approved for use in foods, the material may be 
considered suitable for use in an oral formulation if the 
dose fits within the quantities consumed as a food 
additive. This suitability does not, however, transfer to 
non-oral routes. 

The process is similar in Japan, in that a new excipient's 
dossier is evaluated in reference to an application for a 
drug dosage form containing the excipient The data is 
evaluated both in terms of the excipient and the active, but 
only the drug product is approved. After the excipient has 
seen extensive utilization in multiple marketed products, 
the regulatory system has a process for review of the data 



resulting in possible inclusion of the monograph in the 
Japanese Pharmacopoeia (JP). The JP defines the 
mandatory standards for substances used in a pharmaceu- 
tical product. Inclusion in the JP establishes "precedent" 
status for the excipient and this notation permits use of the 
material in new drug products under defined conditions 
without the need to submit extensive supporting data. 

In Japan however, new is new. Even with precedent 
status, if a new higher dose or a new route of 
administration is pursued, the examination will treat the 
excipient as new. This also applies to an approved food 
additive or cosmetic ingredient. The first use in a 
pharmaceutical formulation is considered a new use and 
the application will be examined as such. 



Current Regulatory Status of CDs 

The parent CDs in Japan are classified as natural starches 
that have received approval by the Ministries of Health for 
use in foods. Relative to pharmaceutical applications, 
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monographs for a- and p-CD have been included in the 
Japanese Pharmaceutical Excipients (196) compendium 
(JFE). Even though nine pharmaceutical products with CD 
formulations have been marketed in Japan, the use of CDs 
has not been extensive enough in approved formulations to 
receive "precedent status/' 

In the United States, two drug products are approved 
containing CDs (one each containing a-CD and (2HP)~ 
p-CD) and at least one additional NDA has been filed 
(product containing SBE7-p-CD). In addition, Drug 
Master Files have been submitted for (5- and y-CD and 
the (2HP>0-CD and SBE7-7p-CD derivatives. These 
DMFs are available for referencing in IND and NDA 
applications through agreements with the individual 
manufacturers, A food additive petition is also under 
review for p-CD, and a monograph on p-CD has been 
included in volume 19 of the NF under the name Betadex 
(197). The United States Pharmacopeal Convention is 
reviewing proposal(s) to include monographs on 
additional derivative(s). 

An expert panel concluded in 1997 that (3-CD is GRAS 
for its intended use as a flavor carrier and protectant at a 
level of 2% in numerous food products. The products 
included chewing gum, gleatin and puddings, soups 
prepared from dry mixes, coffee and tea products with 
added flavors, savory snacks and crackers with added 
flavorings, baked goods prepared from dry mixes, 
beverages prepared from dry mixes, and breakfast cereals. 
A petition has been filed with the FDA requesting their 
affirmation of p-CD as GRAS for these products. The Joint 
Expert Committee on Food Additives (JECFA) of the 
World Health Organization and the Food and Agriculture 
Organization has reviewed p-CD and established an 
acceptable daily intake (ADI) of 0-5 mg/kg body weight, 
The Scientific Committee for Foods of the European Union 
has also assigned P-CD an ADI of 5 mg/kg body 
weight/day. The FDA granted GRAS status for 7-CD in 
2000. 
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